Leaf photosynthesis of crops acclimates to elevated CO 2 and temperature, but studies quantifying responses of leaf photosynthetic parameters to combined CO 2 and temperature increases under field conditions are scarce. We measured leaf photosynthesis of rice cultivars Changyou 5 and Nanjing 9108 grown in two free-air CO 2 enrichment (FACE) systems, respectively, installed in paddy fields. Each FACE system had four combinations of two levels of CO 2 (ambient and enriched) and two levels of canopy temperature (no warming and warmed by 1.0-2.0°C). Parameters of the C 3 photosynthesis model of Farquhar, von Caemmerer and Berry (the FvCB model), and of a stomatal conductance (g s ) model were estimated for the four conditions. Most photosynthetic parameters acclimated to elevated CO 2 , elevated temperature, and their combination. The combination of elevated CO 2 and temperature changed the functional relationships between biochemical parameters and leaf nitrogen content for Changyou 5. The g s model significantly underestimated g s under the combination of elevated CO 2 and temperature by 19% for Changyou 5 and by 10% for Nanjing 9108 if no acclimation was assumed. However, our further analysis applying the coupled g s -FvCB model to an independent, previously published FACE experiment showed that including such an acclimation response of g s hardly improved prediction of leaf photosynthesis under the four combinations of CO 2 and temperature. Therefore, the typical procedure that crop models using the FvCB and g s models are parameterized from plants grown under current ambient conditions may not result in critical errors in projecting productivity of paddy rice under future global change. 2005). However, many studies on predicting crop yield under future climate change using current crop models did not take these acclimation responses of photosynthetic capacity into account (Asseng et al., 2004; Kim, Ko, Kang, & Tenhunen, 2013; Li et al., 2014) , Luo et al., 2004; Peterson et al., 1999). Yin (2013) found that elevated CO 2 did not change the linear relationship between V cmax or J max and leaf nitrogen content.
| INTRODUCTION
The atmospheric CO 2 and global mean surface air temperature are rising. Crops are sensitive to these changes, but may adjust photosynthetic capacity in response to prolonged changes in air temperature and CO 2 concentration over the growing season (Adachi et al., 2014; Alonso, P erez, & Mart ınez-Carrasco, 2009; Borjigidai et al., 2006; Pozo, P erez, Morcuende, Alonso, & Mart ınez-Carrasco, 2005) . However, many studies on predicting crop yield under future climate change using current crop models did not take these acclimation responses of photosynthetic capacity into account (Asseng et al., 2004; Kim, Ko, Kang, & Tenhunen, 2013; Li et al., 2014) , partly because these responses are poorly understood and inadequately quantified.
Acclimation responses in photosynthesis and respiration to changes in atmospheric CO 2 concentration and temperature have been explored as major stimuli eliciting adjustments in plant photosynthetic capacity (Ainsworth & Long, 2005; Alonso et al., 2009) .
Under a prolonged increase in CO 2 concentration, photosynthesis is often down-regulated, in many instances quantified by the decrease in two biochemical parameters of the model of Farquhar, von Caemmerer, and Berry (1980, the FvCB model) : the maximum rates of electron transport (J max ) and of carboxylation by Rubisco (V cmax ) (Drake, Gonz alez-Meler, & Long, 1997; Long, Ainsworth, Rogers, & Ort, 2004; P erez, Morcuende, Martin del Molino, & Martinez-Carrasco, 2005) . A prolonged increase in temperature also results in decreases in the temperature sensitivity of leaf respiration in the light or called day respiration (R d ) (Atkin, Scheurwater, & Pons, 2006; Chi et al., 2013; Crous et al., 2011) .
These biochemical parameters J max , V cmax and R d are also influenced by the physiological status of a leaf, for example they are linearly correlated with the amount of nitrogen (N) per unit leaf area (e.g. Harley, Thomas, Reynolds, & Strain, 1992) . The fact that photosynthesis is not strongly enhanced by long-term elevated CO 2 may be associated with the inability of plants to acquire more nitrogen, resulting in lower leaf nitrogen content in plants grown under CO 2 enrichment (Drake et al., 1997; Luo et al., 2004; Peterson et al., 1999) . Yin (2013) found that elevated CO 2 did not change the linear relationship between V cmax or J max and leaf nitrogen content.
The CO 2 diffusion from the atmosphere to the sub-stomatal cavity (reflected in stomatal conductance, g s ) and the diffusion from intercellular airspace within a leaf to the sites of carboxylation within chloroplasts (reflected in mesophyll conductance, g m ) may also limit leaf photosynthesis. Some studies explored acclimation responses of g s to elevated CO 2 and elevated temperature, but with inconsistent results (Bunce, 2000 (Bunce, , 2004 Leakey, Bernacchi, et al., 2006; Pozo et al., 2005) . Only a few studies showed that elevated temperature and the combination of elevated CO 2 and elevated temperature caused strong acclimation of g s in a controlled environment. Leakey, Bernacchi, et al. (2006) suggested the acclimation extent and nature of g s , like for photosynthesis rate, may differ between FACE (free-air CO 2 enrichment) and growth chamber studies. The responses of g m to short-term changes in CO 2 level are inconsistent (Flexas et al., 2012 (Flexas et al., , 2014 . Bernacchi, Portis, Nakano, von Caemmerer, and Long (2002) used a peaked Arrhenius function to parameterize short-term responses of g m to temperature, but such responses differ greatly among species (von Caemmerer & Evans, 2015) . There are no general trends for g m in plants grown under elevated CO 2 and elevated temperature (Chi et al., 2013; Dillaway & Kruger, 2010; Flexas, Ribas-Carb o, Diaz-Espejo, Galm es, & Medrano, 2008; Flexas et al., 2012; Yamori, Noguchi, Hanba, & Terashima, 2006) , and no studies have parameterized the temperature response of g m under combined elevated CO 2 and elevated temperature. Therefore, it is necessary to explore any acclimation responses of g s and g m to the combinations of elevated CO 2 and elevated temperature in FACE experiments.
Field-grown plants, exposed to natural diurnal, seasonal and year-to-year fluctuations in leaf temperature in a FACE system, would better suit for studies on plant responses to atmospheric CO 2 concentration and temperature with minimal artefacts (Long et al., 2004) . Some studies found diurnal and seasonal variation in the magnitude of the decrease in g s for plants grown under elevated CO 2 in FACE Leakey, Bernacchi, Ort, & Long, 2006; Shimono et al., 2010) . Seasonal changes in growth temperature also affect the temperature dependence of biochemical parameters (Kattge & Knorr, 2007; Yamaguchi, Nakaji, Hiura, & Hikosaka, 2016; Yamori, Noguchi, & Terashima, 2005; Zhu, Li, Su, Lu, & Huang, 2011) . Kattge and Knorr (2007) analyzed data from 36 plant species to quantify the temperature dependence of J max and V cmax with their prevailing growth temperature and found that the optimum temperature of J max and V cmax increased with increasing growth temperature.
Photosynthesis parameters estimated from gas exchange data obtained from in situ measurements that cover diurnal and seasonal changes will be able to assess the "actual" responses of leaves in the field (Kosugi, Shibata, & Kobashi, 2003; Zhu et al., 2011) . However, so far, few studies investigated seasonal acclimation of photosynthesis parameters to combined elevated CO 2 and elevated temperature.
The primary objective of this study is to analyse seasonal acclimation of leaf photosynthesis and photosynthetic parameters to elevated CO 2 and elevated temperature and their combination under field conditions, and to quantify the relationships between the photosynthetic capacity and leaf nitrogen content. Photosynthesis was therefore measured on leaves of two rice cultivars, each grown under a specific FACE set-up. We also aim to quantify the error of prediction by the prevailing crop models where parameters are typically obtained from plants grown under ambient conditions, i.e. assuming no acclimation response to elevated CO 2 and temperature in the models.
| MATERIALS AND METHODS

| FACE systems
Field experiments were conducted in two FACE systems, identified here as FACE 1 and FACE 2.
FACE 1 was established in Kangbo village (31°30
0 N, 120°33 0 E), 820 CO 2 sensors (Li-COR Inc., Lincoln, NE, USA) per plot were installed above the canopy, evenly distributed in two concentric circles, to automatically control the CO 2 pumping. The consistency of the CO 2 concentration within the ring was controlled by automatic adjustment to wind direction and velocity. The infrared heating facilities were designed based on the principles described by Kimball et al. (2008) . The facility consisted of 12 infrared heaters (2,000 W, 240 V, 1.65 m long 9 0.14 m wide; HS-2420; Kalglo Electronics
Co., Inc., Bethlehem, PA, USA). The heaters were adjusted weekly at 1.2 m above the top of the canopy during the growth cycle. Canopy temperature was sensed using six infrared thermometers (Model SI-121; Apogee Instruments Inc, Logan, USA), arranged inside the experimental plot in a hexagonal array. There were four treatments in a block split-plot design: (1) in CT, ambient conditions were maintained (control); (2) in C+T, the target atmospheric CO 2 was up to 500 lmol/mol; (3) in CT+, the canopy temperature was warmed by 1.5-2.0°C, and (4) . The CO 2 exposure system was also designed according to Okada et al. (2001) . The CO 2 exposure system and its performance have been described in detail by Liu et al. (2002) and Han, Liu, Zhu, Okada, and Yoshimoto (2002) . The temperature control system was introduced in 2014; it is described in Jing, Lai, Wang, Yang, and Wang (2016), . In brief, the temperature control system contained seven subplots (2.7 m long 9 0.76 m width each), which were heated by sixteen copper pipes installed at the top of the canopy (Figure 1a ). Heat radiation emitted from the running hot water in the copper pipes increased the air temperature around nearby plants. Elevated canopy temperature by ca. 1°C was achieved by coordinated work of a temperature sensor and a computer feedback system that controlled the speed of the running hot water. The temperature of hot water was kept in the range of 60-70°C. The velocity of the hot water flow was changed, taking into account the wind speed over the canopy. The copper pipes were adjusted weekly so as to maintain their height at the top of the canopy during the growth cycle. Canopy temperature was sensed automatically using an infrared thermometer (Model SI-131; Apogee
Instruments Inc) with a sensing area ca. 0.05 m 2 at the centre of the 4th subplot ( Figure 1a ). Canopy thermal image of the overall area in each heated subplot was manually scanned using FLIR Systems (Model T630sc, Stockholm, Sweden) before heading. The thermal image showed that the temperature control system created a quite uniform canopy temperature within the heated subplots (Figure 1b) . Canopy temperature of the infrared thermometer target area (El1) was only 0.2°C lower than the average canopy temperature (derived from the thermal image) of the overall area (Ar1) in each heated subplot (Figure 1b ). There were four treatments: (1) in CT, ambient conditions were maintained (control); (2) in C+T, the target atmospheric CO 2 was maintained at about 200 lmol/mol above the ambient level; (3) in CT+, the daytime canopy temperature was warmed by 1.0°C, and (4) in C+T+, CO 2 enrichment was combined with warming (Table 1) .
| FACE experiments
The experiment in FACE 1 was conducted in 2016 using local rice in the FACE system (Table 1) were carried out from 28 June through to harvest, and the treatment time each day for both CO 2 and temperature was from sunrise to sunset.
In both FACE systems, all net plots were surrounded by at least three rows of border plants treated in the same way as the plants within the net plots. Standard cultivation practices for paddy rice were followed in all experimental plots. Daily weather data during the growing season for maximal and minimal air temperatures, global radiation, relative humidity (RH), wind speed and precipitation for both experiments are shown in Fig. S1 .
| Gas exchange and chlorophyll fluorescence measurement
We used the LI-Cor 6400XT Portable Photosynthesis System (Li-Cor BioScience, Lincoln, NE, USA) to simultaneously measure gas exchange and chlorophyll fluorescence. Measurements were conducted at three stages, i.e. at the onset of stem elongation, at head- all measurements was 500 lmol/s. Leaf-to-air vapour pressure difference increased with leaf temperature, but was always within the range of 0.5-3.0 kPa to prevent stomatal closure (Bernacchi, Singsaas, Pimentel, Portis, & Long, 2001) . As the leaf temperature control capacity was limited (with AE6°C) with the setup of the LI-6400XT system, response curves at low leaf temperature were measured in the morning and those at high leaf temperature were measured around noon, assuming that the observed responses in the biochemical parameters resulted mainly from changes in temperature rather than changes in time of day (Luo et al., 2011; Way & Sage, 2008) .
At each light or CO 2 step during the measurements, the steadystate fluorescence (F s ) was measured. The maximum fluorescence (F m 0 ) was obtained from multiphase flashes: the flash intensity was 8,000 lmol m À2 s À1 during phase 1 for a duration of 300 ms, was attenuated by 35% during phase 2 of~300 ms, and was back tõ 8,000 lmol m À2 s À1 for phase 3 of 300 ms. The intercept of the linear regression of fluorescence yields against the inverse of the flash intensity during phase 2 gives the estimate of F m 0 (Loriaux et al., 2013) . The operating photochemical efficiency of photosystem II (Φ 2 ) was calculated as: Genty, Briantais, & Baker, 1989) .
To properly estimate photosynthetic parameters, we also conducted gas exchange and chlorophyll fluorescence measurements at low oxygen using a gas blend of 2% O 2 , 98% N 2 and pure CO 2 in the leaf chamber at each stage for Changyou 5 and Nanjing 9108.
With 2% O 2 , only the first half of the light response curves was measured: I inc was increased in the order of 20, 50, 100, 150 and , while keeping C a at 1,000 lmol/mol, to ensure that data used for calibration (see later) were collected within the e À transport limited range of non-photorespiratory conditions.
All CO 2 exchange rates were corrected for CO 2 leakage into and out of the leaf cuvette, based on measurements at specific temperatures using the same flow rate on boiled leaves across a range of CO 2 levels, and intercellular CO 2 levels (C i ) were then re-calculated. (Yin et al., 2009 ). The obtained J was then fitted to the equation:
where
) is the asymptotic maximum value of J when I inc approaches to saturating light levels, h is a dimensionless convexity factor for the response of J to I inc , and j 2LL
(mol e À mol À1 photons) is the efficiency of converting I inc into J at limiting light levels (Yin & Struik, 2009a; Yin et al., 2009) . j 2LL was calculated as:
where Φ 2LL (mol e À mol À1 photons ) is Φ 2 at the strictly limiting light level and could be estimated as the linear intercept of Φ 2 against I inc , using data of I inc < 200 lmol m À2 s À1 under photorespiratory conditions. We assumed h to be constant (0.8), according to Yin and Struik (2015) , and this value of h also allows Equation (4) to have a similar curvature to the quadratic hyperbolic equation as used by Harley et al. (1992) . We then used estimated j 2LL and constant h as an input to estimate J max for each light response curve by fitting the data on J to Equation (4).
In principle, the parameter R d could be estimated as the intercept of the above-mentioned linear regression of A j against (I inc Φ 2 /4) under non-photorespiratory conditions (Yin, Sun, Struik, & Gu, 2011; Yin et al., 2009 ). With J and R d calculated, we estimated the value of g m assuming that g m was constant across the entire light and CO 2 response curves. Whether or not g m is constant across light or CO 2 levels is a matter of debate; but our assumption allows to identify whether there is any difference among the four treatments in the actual average g m . Therefore, we used the NRH-A method (Yin & Struik, 2009b) to estimate the value of g m as constant, by fitting the following non-rectangular hyperbolic (NRH) equation for the A j part of the C i -based FvCB model:
where x 1 = J/4 and x 2 = 2Γ * . We used data obtained from high C i of CO 2 response curves and low I inc levels of light response curves at 21% O 2 . The comparative advantages of this method over the conventional variable-J method, and the choice of data for estimating g m were discussed by Yin and Struik (2009b) .
Equation (6) can also be applied to calculate A c by replacing:
We then estimated V cmax by fitting the combined Equations 1, 6
and 7 to full light-response and CO 2-response curves using the already estimated J max , j 2LL, R d and g m as input.
| The temperature responses of photosynthetic parameters
Based on literature, the temperature responses of R d , and of Rubisco kinetic properties (Γ * , K mC , K mO and V cmax ) were described using an
Arrhenius function (Equation 8), and the temperature responses of J max and of mesophyll conductance (g m ) were explored using a peaked Arrhenius function (Equation 9), normalized with respect to their values at 25°C:
where T is the leaf temperature (°C), X 25 is the value of each parameter at 25°C (R d25 , Γ *25 , K mC25, K mO25 , g m25 , V cmax25 and J max25 ), E x is the activation energy of each parameter (E Rd , E Γ* , E KmC , E KmO , E Vcmax , E Jmax , and E gm ; in J/mol), D x is the deactivation energy for J max and g m (D Jmax and D gm in J/mol), S x is the entropy term for J max and g m (S Jmax and S gm
Rubisco kinetic properties are generally assumed constant among C 3 species (von Caemmerer, Farquhar, & Berry, 2009 ), and we adopted the values of Bernacchi et al. (2002) for
and E KmO . We found that Equation (9) was overparameterized for our data, as often observed in literature (Dreyer, Le Roux, Montpied, Daudet, & Masson, 2001; Li et al., 2012; Medlyn, Dreyer, et al., 2002) ; therefore, S Jmax , S gm and D gm were fixed at 650 J K À1 mol À1 (Harley et al., 1992) , 1,400 J K À1 mol À1 (Bernacchi et al., 2002) and 437,400 J/mol (Bernacchi et al., 2002) , respectively.
The optimum temperature (T opt,x ) for J max or g m as predicted by Equation (9) is given by the following equation (Farquhar et al., 1980; Medlyn, Dreyer, et al., 2002) :
We found that j 2LL also depended on temperature, and fitted its temperature response using the normal distribution-alike equation (June, Evans, & Farquhar, 2004) ;
where j 2LLmax is the maximal value of j 2LL , T opt is the optimum leaf temperature at which j 2LLmax is obtained, and Ω describes the width of the response curve, defined as the difference between T opt and the temperature at which j 2LL falls to e À1 of j 2LLmax .
| The relationships between photosynthetic biochemical parameters and leaf nitrogen content
The values of R d25 , J max25 , and V cmax25 , are known to linearly relate to leaf nitrogen content (N a ), with a clear base leaf nitrogen, N b , at or below which values of these parameters become zero (Braune, M€ uller, & Diepenbrock, 2009; Harley et al., 1992; Hirose, Ackerly, Traw, Ramseirer, & Bazz, 1997; M€ uller, Wernecke, & Diepenbrock, 2005; Yin et al., 2009) . g m25 is known to linearly scale with the photosynthetic capacity of leaves (Flexas et al., 2008) . So, these parameters can be quantified by similar relationships:
), and X gm (mol g À1 N s
À1
) are the slopes for R d25 , J max25 , V cmax25 , and g m25 , respectively. Parameter j 2LL also depends on N a , but without a clear N b (Yin et al., 2009 ), and it is described here empirically as:
where X j2LL and k are the slope and the intercept, respectively, of the linear regression.
| The BWB-Leuning-Yin model for stomatal conductance and its parameterization
A widely used model for g s was initially developed by Ball, Woodrow, and Berry (1987) , then extended by Leuning (1995) (17) where g 0 is the residual stomatal conductance if I inc approaches zero, C i is the intercellular CO 2 concentration, C i* is C i -based CO 2 compensation point in the absence of R d , which can be estimated as
and the effect of leaf-to-air vapour pressure difference (VPD) on g s , f vpd , is calculated according to Yin and Struik (2009a) .
where a 1 and b 1 are empirical coefficients, approximately reflecting the ratio of C i to C a for vapour saturated air and the decreasing slope of this ratio with increasing VPD, respectively, if g 0 approaches to zero.
Combining Equations 17 and 18, we used the measured g s , A n , C i and VPD at each stage to estimate g 0 , a 1 and b 1 . For that, measured stomatal conductance for water vapour transfer was divided by a factor 1.6
to convert it to g s for CO 2 transfer that is required for Equation (17).
| Statistical and model analyses
Data from two rice cultivars tested were analyzed by Equations 2-9
and 11-18 with the GAUSS method in PROC NLIN of SAS (SAS Institute Inc., Cary, NC, USA). Estimated parameter values for C+T, CT+ and C+T+ treatments were compared with the value of the same parameter obtained for the control treatment CT, using a statistical F test.
Estimated parameters were then used to predict A n (using the C ibased FvCB model incorporating nitrogen-based functional relationships Equations 12-16) or g s (using the BWB-Leuning-Yin model).
Two sets of prediction were compared, i.e. predictions using the treatment-specific parameters (namely assuming acclimation to growth environmental variables) vs predictions using the CT-treatment parameters (namely assuming no acclimation as by the current models where the model parameters are typically estimated from measurements on plants grown under present atmospheric conditions). Any significance in the difference between the two sets of predictions would determine the necessity to take into account acclimations in the prediction models for assessing the impact of climate change on crop growth.
We were particularly interested in assessing model predictability of A n for an independent data set. To that end, we used the data from our previous experiment (Cai et al., 2016) , which was conducted in 2014 using the FACE 1 system described here for the same cv. Changyou 5 (Table 1) . Only light responses for the ambient O 2 levels were measured in that study, using uncontrolled in-situ temperature (Cai et al., 2016) . To assess the impact of altered g s parameters on predicted net photosynthesis rates A n of Changyou 5 in 2014, we used the coupled FvCB and BWB-Leuning-Yin model using C a and parameter values estimated here for this cultivar as input (Yin & Struik, 2009a ). The coupled model is complex and has the form of a cubic polynomial, and the solution to this cubic polynomial model can be found in Yin and Struik (2009a) .
Goodness of all the above predictions was assessed using the r I inc (μmol m -2 s -1 ) 
| Model parameterization
As an example of the results, the responses of estimated R d , J max , V cmax , and g m to temperature for the CT treatment for the two rice cultivars grown in the two FACE systems are shown in Figure 6 . All parameters were reliably estimated, as standard error values of the mean were relatively small (Tables 2-5 ).
3.4 | Estimated biochemical parameters in response to elevated CO 2 and temperature For cv. Changyou 5 in the FACE 1 experiment, there were significant interaction effects between CO 2 and temperature on j 2LLmax during the stem-elongating stage and on V cmax25 during the grain-filling stage (Table 2) . Elevated CO 2 significantly increased R d25 , J max25 / V cmax25 and R d25 /V cmax25 before heading. Elevated temperature significantly increased E Jmax and T opt for J max during the heading stage, but significantly decreased J max25 , j 2LLmax , V cmax25 and J max25 /V cmax25 after heading.
For cv. Nanjing 9108 in the FACE 2 experiment, there were significant interaction effects between CO 2 and temperature on J max25 , j 2LLmax and V cmax25 after heading (Table 3) . Elevated CO 2 significantly increased R d25 /V cmax25 during the heading stage, but significantly decreased J max25 and j 2LLmax after heading and V cmax25 .
Elevated temperature significantly increased R d25 , J max25 and j 2LLmax before heading.
3.5 | Estimated conductance parameters in response to elevated CO 2 and temperature For cv. Changyou 5 in the FACE 1 experiment, there were significant interaction effects between CO 2 and temperature on g m25 during the grain-filling stage (Table 4) . Elevated CO 2 significantly decreased g m25 during the stem-elongating and grain-filling stages and g 0 during (Table 6 ). C+T significantly increased X Rd , but significantly decreased X Vcmax and X gm , compared with CT (Table 6 ). CT+ significantly decreased X Vcmax , compared with CT (Table 6 ). C+T+ significantly increased X Rd and X j2LL , but significantly decreased X Vcmax and X gm , compared with CT (Table 6 ). and S7).
Despite the above significant impact on the prediction of g s if no acclimation was assumed, it did not have a significant carryover effect on the predictions of A n as revealed by the analysis using the coupled FvCB and BWB-Leuning-Yin model in 2016 for
Changyou 5 (Fig. S8a ,c,e) and for Nanjing 9108 (Fig. S9) . The same can be found when using the 2016 parameters for predicting A n observed in the independent FACE experiment for Changyou 6 in 2014 (Figure 9a ,c,e). Compared with simulations using treatment-specific g s -parameters at each stage, simulations by the coupled model using the CT-treatment g s parameters underestimated A n only by 1%, 2% and 2% under C+T, CT+ and C+T+, respectively ( Figure 9a ,c,e).
Next we assessed the impact of assuming no acclimation of both FvCB and g s parameters. Compared with simulations using treatment-specific FvCB and g s parameters, simulations by the coupled FvCB and BWB-Leuning-Yin model using the CT-treatment FvCB and g s parameters underestimated A n only by À5%, 5% and 4%
under C+T, CT+ and C+T+, respectively, of the 2016 experiment (Fig. S8b,d,f) , and by 0%, 3% and 2% under the three treatments of the 2014 experiment (Figure 9b,d,f) .
4 | DISCUSSION 4.1 | Needs to study the effects of both elevated CO 2 and temperature on photosynthesis and photosynthetic parameters
Climate change is strongly impacting crop productivity, and crop models have been used to quantitatively assess this impact. Of climate change variables, the impact of elevated atmospheric CO 2 has been most studied. Elevated CO 2 partly suppresses photorespiration and thus, at least, in a short-term, enhances leaf photosynthesis of C 3 species, which leads to enhanced growth and increased crop yields (Kim, Lieffering, Kobayashi, Okada, & Miura, 2003; Kimball, 1983; Sakai, Hasegawa, & Kobayashi, 2006) . Most existing crop models that take this CO 2 -enhancing effect into account, however, generally over-estimate the effect of elevated CO 2 on crop growth and yield under field conditions (Ainsworth, Leakey, Ort, & Long, 2008) . Yin (2013) inferred that this overestimation could stem from the lack of mechanisms in the models that can predict the gradual decline of leaf N content of crops exposed to long-term elevated CO 2 , relative to ambient conditions, with advancing crop growth, and this decline of leaf N partly reflects the acclimation of photosynthesis parameters to the whole-season elevated CO 2 .
Climate change variables also involve increased temperature, and temperature is known to have a multiple effect on photosynthesis. For example, increasing temperature increases photorespiration, and therefore, may negate the effect of elevated CO 2 in suppressing photorespiration. Like that of elevated CO 2 , the effect of temperature may differ between short-and long-terms. So, the impact of increased temperature should be quantified in combination with the effect of CO 2 under field conditions. In this study we Values of parameters were estimated from our data and did not vary with CO 2 , temperature and stage.
Vera, Sievers, Bernacchi, & Ort, 2013) . Some studies suggested that the down-regulation of photosynthesis under elevated CO 2 is caused by a decrease in J max and V cmax (Ainsworth & Long, 2005) and an increase in R d (Alonso et al., 2009 (Figures 2, 3 , 5, S2 and S4, Table 2 ). However, there were no consistent results for the effects of elevated temperature on photosynthesis (Adachi et al., 2014; Chi et al., 2013; Niu et al., 2008) . Our results showed that elevated temperature significantly decreased both J max25 and V cmax25 after heading for cv. Changyou 5
T A B L E 3 Parameter estimates (their standard errors in brackets) of the temperature response function for R d , J max , j 2LL and V cmax under ambient CO 2 (CT), elevated CO 2 (C+T), elevated temperature (CT+) and the combination of elevated CO 2 and elevated temperature (C+T+) for stem-elongating, heading, and grain-filling stages of cv. Nanjing 9108 in the FACE 2 experiment in 2016 Values of parameters were estimated from our data and did not vary with CO 2 , temperature and stage.
T A B L E 4 Parameter estimates (their standard errors in brackets) of the temperature response function for g m , a 1 , b 1 and g 0 under ambient CO 2 (CT), elevated CO 2 (C+T), elevated temperature (CT+) and the combination of elevated CO 2 and elevated temperature (C+T+) for stemelongating, heading, and grain-filling stages of cv. in the FACE 1 experiment (Table 2) , while elevated temperature significantly increased J max25 before heading, but had no significant effects on V cmax25 for cv. Nanjing 9108 in the FACE 2 experiment (Table 3 ). Elevated temperature significantly decreased A n,max at 25°C after heading for cv. Changyou 5 in the FACE 1 experiment, but significantly increased A n,max at 25°C during the heading stage for cv. Nanjing 9108 in the FACE 2 experiment ( Figure 5 ). This difference in photosynthesis response to elevated temperature may be related to higher mean daily air temperature during the whole cycle and warming magnitude for cv. Changyou 5 in the FACE 1 experiment than for cv. Nanjing 9108 in the FACE 2 experiment (Table 1) . Liang, Xia, Liu, and Wan (2013) found that the enhancement of photosynthesis by elevated temperature decreased linearly with increasing growth temperature under ambient condition. In particular, our results showed that there were significant interaction effects between CO 2 and temperature on V cmax25 during the grain-filling stage for cv. Changyou 5 (Table 2) and on J max25 , V cmax25 and A n,max at 25°C after heading for cv. Nanjing 9108 (Figure 5d , Table 3 ).
Some studies fixed the J max /V cmax ratio and R d /V cmax ratio at 25°C at a constant value to parameterize the FvCB model (Borjigidai et al., 2006; M€ uller et al., 2005; von Caemmerer, 2000) , an approach that was criticized by Archontoulis, Yin, Vos, Danalatos, and Struik (2011) . Elevated CO 2 increased J max25 /V cmax25 (Ainsworth & Long, 2005) , which was consistent with our results (Tables 2 and 3) . Moreover, our results showed that elevated CO 2 significantly increased R d25 /V cmax25 before heading for both rice cultivars (Tables 2 and 3 ).
Some studies found that J max /V cmax ratio at 25°C decreased with increasing growth temperature (Kattge & Knorr, 2007; Lin, Medlyn, De Kauwe, & Ellsworth, 2013) . The increase in J max25 /V cmax25 ratio during crop development for cv. Changyou 5 (Table 2 ) may be related to the decrease in growth temperature during crop development (Fig. S1a) . In addition, our results showed that elevated temperature significantly decreased J max25 /V cmax25 during the grain-filling stage for cv. Changyou 5 in 2016 (Table 2) . Thus approaches that fix the J max25 /V cmax25 ratio and R d25 /V cmax25 at a constant value to parameterize the FvCB model should receive critical reservation for the effect of elevated CO 2 and elevated temperature.
The temperature dependence of carboxylation by Rubisco is stable among C 3 plants (Badger, Bjorkman, & Armond, 1982; Brooks & Farquhar, 1985) . Our E Vcmax estimates were indeed unaffected by elevated CO 2 and elevated temperature treatments (Tables 2 and 3) , consistent with Alonso et al. (2009) and Chi et al. (2013) . However, E Jmax was significantly increased by elevated temperature for cv.
(a) , for R d25 , J max25 , V cmax25 and g m25 were estimated for all treatments (see the text). The overall k for j 2LLmax was estimated for all treatments and was not significantly different from the values for each treatment (p > .05). *Significantly different from the value for the CT treatment (p < .05).
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Changyou 5 during the heading stage (Table 2 ). Some studies found that the activation energy of J max and V cmax is positively related to plant growth temperature for single cases (Kattge & Knorr, 2007; Medlyn, Loustau, & Delzon, 2002; Onoda, Hikosaka, & Hirose, 2005) . Our results showed that E Jmax , E Vcmax and T opt for j 2LL decreased during crop development, while E Rd increased during crop development for both rice cultivars (Tables 2 and 3) , which may be related to the decrease in growth temperature during crop development (Fig. S1a,b) . j 2LL was calculated by multiplying calibration factor s with Φ 2LL (see Equation 5), and the calibration factor s varied with temperature for cvs Changyou 5 and Nanjing 9108 (Table S1 ).
The calibration factor s depends on absorptance by leaf photosynthetic pigments, proportion of absorbed photon flux density partitioned to photosystem II, and the fraction of alternative e À transport pathways. Yin, van der Putten, Driever, and Struik (2016) suggested that the extent of any alternative e À transport may depend on temperature. In addition, the temperature sensitivity of R d was decreased by elevated CO 2 and elevated temperature (Alonso et al., 2009; Atkin et al., 2006; Chi et al., 2013; Crous et al., 2011) , consistent with our results (Tables 2 and 3 ). The decrease in E Jmax and E Vcmax during crop development (Tables 2 and 3 (Figure 5c ), which may be related to the significant increase in E Jmax under elevated temperature (Table 2) .
Photosynthesis acclimation is frequently reported to be associated with a decrease in nitrogen concentration in the leaf and the entire plant (Drake et al., 1997; Stitt & Krapp, 1999) . Photosynthesis is not strongly enhanced by long-term elevated CO 2 which may be associated with the inability of plants to acquire more nitrogen, resulting in lower leaf nitrogen content in plants grown under CO 2 enrichment (Drake et al., 1997; Luo et al., 2004; Peterson et al., 1999) , which is consistent with our results for cv. Nanjing 9108 (Table S2) . Elevated temperature significantly decreased leaf nitrogen content after heading for cv. Changyou 5, but significantly increased leaf nitrogen content at panicle initiation stage for cv. Nanjing 9108 (Table S2) , which could be used to explain that elevated temperature significantly decreased both J max25 and V cmax25 after heading for cv.
Changyou 5, but significantly increased J max25 before heading (Tables 2 and 3 ). Both J max25 and V cmax25 also showed high variation among rice genotypes and were linearly correlated with leaf nitrogen content (Gu, Yin, Stomph, Wang, & Struik, 2012) . Higher J max25 and J max in cv. Nanjing 9108 than in cv. Changyou 5 before heading (Figure 6 , Tables 2 and 3) resulted in higher A n at high C i in cv. Nanjing 9108 than in cv. Changyou 5 (Figures 3, S4 and S5). J max25 and V cmax25 were much higher in cv. Nanjing 9108 than in cv. Changyou 5 before heading, which may be related to a higher SPAD value, an indicator of plant's nitrogen status on a leaf area basis (Peng, Laza, Garcia, & Cassman, 1995) , in cv. Nanjing 9108 than in cv. Changyou 5 (Table S2) . Yin (2013) found that elevated CO 2 did not change the relationships between J max25 or V cmax25 and leaf nitrogen content. Figure 8 Our results showed that C+T changed the relationships between V cmax25 or R d25 and leaf nitrogen content, CT+ changed the relationships between V cmax25 and leaf nitrogen content, and C+T+ changed the relationships between V cmax25 , R d25 or j 2LLmax and leaf nitrogen content for cv. Changyou 5 (Figure 7 , Table 6 ). Elevated CO 2 decreased X Vcmax , which was related to the decrease in the investment of leaf nitrogen in Rubisco under elevated CO 2 (Leakey et al., 2009; Sage, Sharkey, & Seemann, 1989 ). An increase in day respiration under elevated CO 2 may be because of the higher soluble carbohydrate content in the leaf (Alonso et al., 2009 (Tables 4 and 5 ). These results were consistent with the finding that elevated CO 2 decreased g m in rice (Zhu et al., 2012) and g s showed strong acclimation to elevated CO 2 (Bunce, 2000 (Bunce, , 2004 and elevated temperature (Pozo et al., 2005) .
g m acclimates and responds both in the long and short terms to many environmental variables, including temperature and CO 2 , while the mechanistic basis of these acclimation responses remains unclear (Flexas et al., 2008) . Our results showed that elevated CO 2 and elevated temperature significantly affected g m25 , but did not affect E gm for the two rice cultivars (Tables 4 and 5 ). E gm was kept relatively constant for different seasons (Zhu et al., 2011) , which was consistent with our results (Tables 4 and 5) . LMA is generally considered as setting a limitation for the maximum g m (Flexas et al., 2008; Perez-Martin et al., 2009 ). Many studies showed that g m decreased with increasing LMA (Flexas et al., 2008; Galm es et al., 2011; Gu et al., 2012) . Our results showed that g m25 during the stem-elongating stage was higher for cv. Changyou 5 than for cv. Nanjing 9108 (Tables 4 and 5) , a difference which may be related to a higher LMA value in cv. Nanjing 9108 than in cv. Changyou 5 (Table S2 ). Scafaro, von Caemmerer, Evans, and Atwell (2011) compared a cultivar of Oryza sativa with two wild Oryza relatives and found that the difference in mesophyll cell-wall thickness was responsible for variation in g m . Zhu et al. (2012) found that cell wall thickness of rice did increase over time with elevated CO 2 , consistent with the decline in g m . However, the change of LMA results from the long-term environmental adaptation of the plants (Poorter, Niinemets, Poorter, Wright, & Villar, 2009 ), whereas g m can vary quickly in response to environmental changes (Flexas et al., 2006) . Many studies showed that leaf ageing strongly influenced g m (Bernacchi, Morgan, Ort, & Long, 2005; Flexas et al., 2007) and there was a relatively strong linear correlation between g m and leaf nitrogen content (von Caemmerer & Evans, 1991; Warren, 2004) , consistent with our results (Tables 4 and 5 , Figure 7d ). The correlation between g m and leaf nitrogen content may be explained by the surface area of the chloroplasts facing the cell walls, an anatomical determinant of g m (Evans, von Caemmerer, Setchell, & Hudson, 1994; von Caemmerer & Evans, 1991) , which depends on leaf nitrogen content.
The acclimation responses of stomatal conductance to elevated CO 2 and elevated temperature were reflected by the acclimation responses of the three parameters (a 1 , b 1 and g 0 ). Many studies reported similar C i /C a ratios, close to 0.7, in both ambient and elevated growth CO 2 (Ainsworth, Rogers, Blum, N€ osberger, & Long, 2003; Drake et al., 1997; Lodge, Dijkstra, Drake, & Morison, 2001 ).
Our results showed that parameter a 1 , approximately reflecting the C i /C a ratio for vapour saturated air (VPD approaches to zero), close to 0.7 for cv. Nanjing 9108 before heading and cv. Changyou 5, was unaffected by elevated CO 2 and elevated temperature (Tables 4 and   5 ). The value of a 1 was much higher than 0.7 during the grain-filling stage for cv. Nanjing 9108 (Table 5 ), which may have been caused by leaf senescence (Evans, 1986; Grossman-Clarke et al., 1999) .
Some studies showed g s was sensitive (Yoshimoto, Oue, & Kobayashi, 2005) or less sensitive (Heath, 1998; Heath & Kerstiens, 1997) to VPD when grown at elevated CO 2 and less sensitive to VPD when grown at elevated temperature (Lewis, Lucash, Olszyk, & Tingey, 2002) . Our results showed that b 1, reflecting the sensitivity of g s to VPD, was unaffected by elevated CO 2 and elevated temperature for both rice cultivars (Tables 4 and 5 ). However, the parameter g 0 was significantly decreased by elevated CO 2 for cv. Changyou 5 during the stem-elongating stage (Table 4 ), but significantly increased by elevated temperature for cv. Changyou 5 before heading ( Figure 4a , Table 4 ) and for cv. Nanjing 9108 after heading (Table 5 ). In the literature, no consistent conclusions have been achieved on the effect of elevated CO 2 on g 0 (Bunce, 2000 (Bunce, , 2004 Leakey, Bernacchi, et al., 2006; Leakey, Uribelarrea, et al., 2006; Medlyn et al., 2001) . Many modelling studies fixed the value of g 0 at a constant value or at zero . However, g 0 increased linearly with an increase in leaf nitrogen content (Zhang et al., 2017) , which could be used to explain that g 0 decreased during crop development (Tables 4 and 5 ). Elevated temperature often increased g 0 (Tables 4 and 5) , and physiological mechanisms for any effects of elevated CO 2 and temperature on g 0 merit further investigation.
4.4 | Do we need to consider the acclimation effect of photosynthesis parameters when projecting the effect of future climate change?
A coupled FvCB-stomatal conductance model, with incorporation of mesophyll conductance, is becoming a standard procedure in predicting leaf photosynthesis in response to climate change variables (e.g. Leakey, Bernacchi, et al., 2006; Leakey, Uribelarrea, et al., 2006; Li et al., 2012; Yin & Struik, 2009a) . We, therefore, assessed, in three steps, whether taking into account the acclimation of model parameters yields a more accurate prediction of A n under future climate change conditions: (1) considering the FvCB biochemical parameters, (2) considering g s parameters, and (3) considering both FvCB and g s parameters.
Our analysis of the first step showed that if the FvCB model incorporating nitrogen-based functional relationships between photosynthetic biochemical parameters and leaf nitrogen content (Figure 7, Table 6 Therefore, a typical parameterization procedure that crop models using the FvCB and g s models are estimated from data of plants grown under current ambient conditions will not result in critical errors when predicting leaf photosynthesis under conditions of elevated CO 2 and temperature of future climate.
Our measurements used Li-Cor to obtain g s , whereas g s measured at steady-states may not reflect real-time g s at measurement times, as g s is highly variable (Vialet-Chabrand, Dreyer, & Brendel, 2013) . This implies that more sophisticated g s models than the BWB-type models might be needed for more accurate prediction of stomatal behaviour. Furthermore, our experiments were conducted under conditions without water stress. Under climate change conditions where severe drought is expected, crop transpiration, which depends strongly on g s , is a crucial variable to predict. Therefore, any acclimation responses of g s parameters to elevated CO 2 and elevated temperature in combination with drought are essential for current crop models to accurately predict plant water use and crop microclimate under future global change (Shimono et al., 2010; Yoshimoto et al., 2005) . How the FvCB parameters and parameters of more robust g s models respond to elevated CO 2 and temperature in the presence of drought stress merits further quantification. 
